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W/Z physics at hadron colliders
• Long history dating back to the discovery of 

the W and Z (1983)

• From discovery to standard candle: 

Tevatron, LHC

• Crucial for understanding detectors at 

each new energy

• Important for constraining PDFs

• Background to many new physics searches

• Essential quantities in the SM


• Precision measurements

• Can shed light on potential new physics

!

1. W/Z production measurements

2. W boson mass

3. Asymmetry measurements 
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perfectly willing to disbelieve whatever
he had to say. He had to summarize in
one hour the culmination of almost a
decade of working and hustling, leading
and believing.

The main auditorium at CERN,
which seats 500 people, had maybe
twice that many in it. Physicists shared
chairs. Many could not take notes
because they had nowhere to place a
notebook and write. The doors were left
open and people stood outside and
looked over the heads of the people
standing in the doorways. They sat on
the grand piano in the corner of the
auditorium, and even under the piano.

Rubbia was nervous. He sipped at his
water, he pulled on his tie, he ran his
hand through his hair and fiddled 
with his 100 or so transparencies. He
had been asked by the CERN manage-
ment not to announce the W discovery
in Rome, partly because they wanted 
it announced at CERN and partly be-
cause they did not yet trust it.

Instead, Rubbia sold CERN the W with the passion that he
had sold them the idea of a proton–antiproton collider eight
years earlier. He demonstrated how the researchers under-
stood the UA1 detector, how they knew that it worked, how
the central detector worked, how good was its precision, what
its faults were. He anticipated every question, every criticism.
When he was done with the apparatus, he told them about
the physics, the evidence for the W, and why they believed 
in it. This is what we have done, he said, this is what we have
seen, and this is why we must be right.

When he was finished, they gave him a standing ovation.
Physicists who had made fun of Rubbia and predicted, even
hoped, that his project would fail and take half the lab with it,
physicists who had fought with Rubbia and swore never to
work with him again, all clapped for five minutes. CERN was
happy. It was beautiful physics, and they acknowledged it.
It was their discovery, their vindication. They had waited
nearly three decades for it. It was their Nobel prize. They
were euphoric. And the applause was for Rubbia because for
perhaps the first time in his career he had justified himself.

When, less than two years later, the Nobel prize did in fact
come, the physicists would all say: “Yeah, we know. Big deal.
But it can’t touch the W talk itself.” After that day in the
CERN auditorium, the Nobel was only a formality. Everyone
knew then that Rubbia had pulled it off.

UA1 beats UA2 into print
The following day, Luigi DiLella presented the evidence from
UA2 – in the same auditorium, to a slightly smaller crowd. The
physics was virtually the same, but what would have been a tour
de force in its own right was now simply confirmation physics.

On the Saturday morning, Rubbia joined his UA1 col-
league David Cline for a cup of coffee in the CERN cantina.
There they met DiLella, Allan Clark and Peter Jenni, all UA2
physicists. Rubbia looked unusually serious. He proceeded 
to tell the UA2 physicists that although he was convinced 
that both collaborations had discovered what appeared to be

W bosons, they should think twice before publishing. If it was
not the W, Rubbia said, it would be the end of their careers.
“And so,” as DiLella explained later, “Carlo said that he had
decided that he would not publish.”

In fact, Rubbia had decided nothing of the sort. The pre-
vious day he had delivered the first draft of a paper to Klaus
Winter, a CERN physicist and editor of Physics Letters. He had
told Winter that the final draft would be quickly forthcoming,
and that he would appreciate immediate publication. Then,
saying that he had already alerted the journal, he convinced
his group leaders to allow him to hasten the writing of the
paper. But his physicists fought against rushing. Sadoulet
argued that this was an important paper in the world of phy-
sics, and that they should not just churn it out. It should be
checked and thought over carefully.

“But it was important,” Rubbia said later. “We were close.
Had we waited three weeks, our priority claim would have
gone to hell.”

By Sunday the final draft was written. On Monday morn-
ing Rubbia gave the draft to Winter, and later that night he
sent the paper by courier service to Amsterdam to be hand-
delivered to the offices of Physics Letters. Probably no more
than a handful of the 135 physicists working on UA1 read the
final draft. “People were shown a draft on Friday afternoon,”
said Eric Eisenhandler of Queen Mary College in London,
“and told that they had until Monday to comment on it. And
when they turned up on Monday, they found that the paper
had already gone out.”

The UA2 physicists, on the other hand, wrote their paper 
in the conventional way and circulated it to all 60 physicists
on the collaboration, who had two weeks to read it and make
comments. It was published one month after the UA1 paper.
Rubbia had established his priority, along with page one of
The New York Times.

The episode in the cantina clinched the Nobel prize for
Rubbia, or at least according to Dave Cline. “We didn’t know
whether UA2 would try to send the paper in simultaneously,”
he said, “but they didn’t operate like that. It’s not that they’re

The first Z boson seen by the UA1 detector on 30 April 1983. The signature of the Z boson is a high-energy
electron and a positron flying off in opposite directions (the white tracks).
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W and Z production
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Inclusive W and Z production at 8 TeV
• May 2012 run with greater bunch spacing


• Average 4 interactions per crossing (vs. 21 
for rest of 2012)


• Int. luminosity of 18.2/pb

• First inclusive W and Z cross-section 

measurement at 8 TeV

4

0.9 1.0 1.1 1.2

CMS  = 8 TeVs, -1L=18.2 pb

ν+l→+W
 nblum 0.18± syst 0.14± stat 0.03±7.11 

 0.20 nb±7.12 

ν-l→-W
 nblum 0.13± syst 0.11± stat 0.02±5.09 

 0.13 nb±5.06 

νl→W
 nblum 0.32± syst 0.24± stat 0.03±12.21 

 0.32 nb±12.18 

-l+l→Z
 nblum 0.03± syst 0.02± stat 0.01±1.15 

 0.04 nb±1.13 

ν-l→- / Wν+l→+W syst 0.02± stat 0.01±1.39 
 0.01±1.41 

-l+l→ / Zνl→W syst 0.25± stat 0.11±10.63 
 0.04±10.74 

ratio(exp./th.)
PRL 112, 191802 (2014)
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Hadron collider W and Z cross sections as √s

5

Center-of-mass energy [TeV]

 B
 [n

b]
× 

σ

-110

1

10
, 8 TeV-1CMS, 18 pb
, 7 TeV-1CMS, 36 pb

CDF Run II
D0 Run I
UA2
UA1

Theory: NNLO, FEWZ and MSTW08 PDFs

pp

pp

0.5 1 2 5 7 10 20

W
+W-W

Z

Ratio (CMS/Theory)
0.6 0.8 1 1.2 1.4

 = 7 TeVs at   -12.9 pbCMS

 B ( W )× σ  theo. 0.048±  exp. 0.028±0.953 

 )+ B ( W× σ  theo. 0.045±  exp. 0.029±0.953 

 )- B ( W× σ  theo. 0.051±  exp. 0.034±0.954 

 B ( Z )× σ  theo. 0.040±  exp. 0.036±0.960 

W/ZR  theo. 0.004±  exp. 0.038±0.990 

+/-R  theo. 0.028±  exp. 0.038±1.002 

lumi. uncertainty:  11%±

7 TeV

• Hadron collider W/Z cross-sections measured 
as predicted at 0.6, 1.8, 1.96, 7, and 8 TeV

• Looking forward to 13-14 TeV!
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• Explore σ(Z) in high 
granularity up to high pT


• Full 8 TeV dataset 
• 10 bins in pT(Z)

• 8 bins in Y(Z)

!

• Test of QCD dynamics 

• Sensitive to gluon PDF

!

• Compare to Madgraph
+Pythia and RESBOS

• Shape not well-predicted 

at high pT(Z)
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Z/γ* pT measurement

• Essential for tuning model in W mass 
measurement


• pT,l > 20 GeV, 66 < mll < 116 GeV, |η| < 2.4

• ~0.5% precision up to pT(Z) ~ 30 GeV

7

Measurement of the Z/γ* transverse 
momentum 

02/06/14 Dimitra Tsionou 4 

!  Motivation ! Measurement of W mass 
!  Very clean signature and high cross section 

!  Measurement in fiducial region 
!  pT,l>20 GeV, 66<mll<116, |η|<2.4 

Measurement of the Z/γ* transverse 
momentum 

02/06/14 Dimitra Tsionou 4 

!  Motivation ! Measurement of W mass 
!  Very clean signature and high cross section 

!  Measurement in fiducial region 
!  pT,l>20 GeV, 66<mll<116, |η|<2.4 

Measurement of the Z/γ* transverse 
momentum 

02/06/14 Dimitra Tsionou 5 

!  Measurement in fiducial region 
!  pT,l>20 GeV, 66<mll<116, |η|<2.4 

!  0.5% precision up to 30 GeV 
 

!  Break-down of the 
systematic uncertainties 



Direct W Boson Mass Measurements
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• Electroweak sector of the standard model (SM) 
relates mW to well-measured constants

!
!

• Radiative corrections Δr dominated by top and 
Higgs loops

!
!
!

• Precision measurements in mW and mtop tell us if the 
Higgs is SM or not


• Measuring requires precise measurement of Lepton 
pT and transverse hadronic recoil (infer neutrino 
energy)


• Develop parametrized detector simulation to model 
detector effects and underlying physics


• Tune using data

9

Measuring the W boson mass
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LEP1 and SLD
LEP2 and Tevatron

July 2011

m2
W =

⇤�em⇥
2GF sin2 ⇥W (1��r)

sin �2
W = 1� m2

W

m2
Z

W and Z production at the Tevatron

Isolated, high pT leptons, 
missing transverse momentum in W's

Typically small hadronic (jet) 
activity

Z events provide excellent
control sample
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• Foundation of CDF analysis is track pT measurement with drift chamber (COT)

• Perform alignment using cosmic ray data: ~50µm→~5µm residual 

• Calibrate scale using large sample of dimuon resonances (J/ψ, Υ, Z)


• Span a large range of pT

• Flatness is a test of dE/dx modeling

• Final scale error of 9×10-5: ∆MW = 7 MeV


• Confirm by measuring MZ. Add as further constraint. 
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W mass: calorimeter energy scale
• Apply calibrated p-scale and set EM 

scale using E/p of W and Z events

• Overall scale from peak

• Radiative tail used to tune material 

model

• Confirm by measuring MZ

• Use Z→ee events and LEP MZ to 
calibrate scale


• Use subsamples to calibrate material 
model and response to pileup


DØnote 4725-CONF

Measurement of the Top Quark Mass in the Dilepton Channel

The DØ Collaboration
URL http://www-d0.fnal.gov
(Dated: February 25, 2005)

We present a preliminary measurement of the top quark mass in the dilepton channel based on
about 230 pb−1 of data collected by the DØ experiment during Run II of the Fermilab Tevatron
collider. We show that the method used obtains consistent results using ensemble tests of events
generated with the DØ Monte Carlo simulation. We apply this technique to a total of 13 dilepton
events selected in the collider data to obtain mt = 155+14

−13(stat) ± 7(syst) GeV.

Preliminary Results for Winter 2005 Conferences
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track and Aðe; trkÞ is the track acceptance in the invariant
mass window 70 < me;trk < 110 GeV, both measured in
data control samples. The fraction of Z → ee background
events in the W → eν candidate sample is found to be
ð1.08# 0.02Þ%. The uncertainty is dominated by the
precision with which the efficiency ϵ0jet is determined
and by the limited number of jet objects reconstructed in
the ICR consistent within the Z → ee mass window.

B. Multijet background

The MJ background is determined using a loose sample
obtained by only requiring that the matched track is within
0.05 in Δη and within 0.05 in Δφ from the EM cluster
(Sec. IVA), instead of using the standard track matching,
which contains track quality requirements (Sec. IVF). This
sample contains all events satisfying the standard selection

requirements, but has a significantly higher contamination
from the MJ background than the standard sample. The
probabilities for electron candidates in W → eν events (ϵe)
and in MJ events (ϵf) to pass the complete matching
requirements given that they already satisfy the loose match
requirement are determined in control samples. The prob-
ability for real electrons is determined from Z → ee data
using tag and probe, and the probability for electron
candidates in MJ events is determined from data dijet
events. They are parametrized as a function of electron pT
and can be seen in Figs. 37 and 38. The loose sample event
yield, NL, the standard sample event yield, N, and the two
probabilities are then used to determine the MJ background
yield in each bin i of a distribution by solving the system of
equations

NðiÞ
L ¼ NðiÞ

W þ NðiÞ
MJ;

NðiÞ ¼ ϵðiÞe NðiÞ
W þ ϵðiÞf NðiÞ

MJ; (37)

for the MJ background, given by ϵfNMJ. The contribution
from MJ events is found to be ð1.02# 0.06Þ% of the
selected W → eν candidate sample. The uncertainty is
dominated by the precision with which the tight track
match efficiency is determined.

C. W → τν background

The W → τν → eννν contribution is determined from a
simulation of the process using RESBOS for event gen-
eration, TAUOLA [75–78] for τ lepton decay, and fast MC
for detector simulation. Because the electrons arise from a
secondary decay, their momenta are lower than for elec-
trons fromW → eν decays and their distribution is broader.
The background contribution fromW → τν decays is found
to be ð1.668# 0.004Þ%, with the uncertainty dominated by
the uncertainty in the τ → eνν branching ratio [13]. The
uncertainty in the MW measurement arising from incorpo-
rating theW → τν → eννν events as background instead of
a MW dependent signal is small.
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results from the fits for each of the bins in instantaneous
luminosity agree well with each other. This shows that our
model of the underlying energy flow into the electron cone
(Sec. VIIC6) and the model of the luminosity dependence
of the calorimeter gains (Sec. VIIC2) are correctly account-
ing for the luminosity dependence of the detector response
to electrons. Rather than defining one luminosity-averaged
set of parameters for the scale and offset, we use the
different values per bin in luminosity, because there is no
loss in statistical power; i.e., the systematic uncertainty on
MW due to the electron energy scale is not increased by
splitting into luminosity bins.
The dominant systematic uncertainty on our measure-

ment of MW is the precision with which we measure the
mean electron energy response. The uncertainties in the
energy scale and offset are individually large but they are
highly correlated. We propagate the correlated uncertainties
in the scale and offset parameters to our measurement of
MW and obtain uncertainties of 16 MeV on MW using the
mT and ET distributions and 17 MeV for the pe

T dis-
tribution. This uncertainty decreased as expected with
integrated luminosity when compared to our previous
1 fb−1 analysis [28].

5. Determination of the constant term

For data, unlike the full MC, the constant term CEM is
also important. It arises primarily from residual channel-
to-channel calibration differences and describes an
energy-independent contribution to the fractional energy
resolution. Thus, its main impact is felt at high electron
energies where the sampling term is suppressed by its
approximate 1=

ffiffiffiffi
E

p
behavior. The value of CEM is extracted

from the width of the Z boson mass peak with the sampling
term modeled as described above. The value of CEM is
determined using template fitting to the mee distribution.
The best fit value for CEM is

CEM ¼ ð1.997# 0.073Þ%;

which is in good agreement with our determination in Run
IIa and with the Run II design goal of 2%.
To propagate the uncertainty from the electron energy

resolution model to MW , we use fast MC pseudoexperi-
ments in which we vary the sampling resolution function
parameters by their uncertainty [Eq. (26)]. For each of these
fast MC pseudoexperiments, we fit the constant term to
account for the correlation between the two components of
the resolution model. Using the procedure described in
Sec. IIE, we estimate the uncertainty to be 2 MeV for the
MW measurement using mT and pe

T and 3 MeV for ET.

6. Electron cone effects

To reconstruct an electron, we must define an electron
reconstruction cone (Fig. 5). The energy in this cone arises
not only from the electron but also from hadronic recoil,
spectator parton interactions, and additional pp̄ collisions.
There are also effects from the suppression of electronic
noise. These bias both the reconstructed electron energy
and the reconstructed recoil energy. Extra energy is given to
the electron from the recoil, and it is excluded from the
reconstruction of uT . The additional energy added to the
electron cone is denoted by ΔE [Eq. (22), Sec. VIIC4],
while the additional transverse energy subtracted from the
recoil in the electron cone is denoted by Δu∥ Eq. (30) in
Sec. VIID.
The value of Δu∥ is not equal to ΔE sin θe for two

reasons:
(i) The energy loss due to uninstrumented material in

front of the calorimeter is corrected for the electron,
but not for the recoil.

(ii) Zero suppression has different effects near a large
concentrated energy (ΔE) compared to a small diffuse
background energy (Δu∥).

To study electron cone effects, we construct a Δu∥
library by recording the energy deposition in random cones
fromW → eν events in collider data and in full MC. These
random electron reconstruction cones are selected in such a
way to avoid any electron energy contribution. Events in
this library sample the same luminosity profile as the data
used to measure MW . For each electron in the fast MC
simulation, we simulate its Δu∥ by selecting a random cone
from the library based on the electron’s η, ηdet, and u∥, as
well as on the event’s SET and luminosity.
To model the change in the electron energy ΔE asso-

ciated with a given Δu∥, we perform a dedicated full MC
simulation in which we extract the electron and FSR photon
energies separately from the hadronic recoil particle ener-
gies in each cell, and generate three W → eν full MC
samples based on the same full detector simulation of each
W → eν event:
(i) Electron only: contains only the electron and FSR

photons.
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W mass: recoil calibration
• Measured recoil: 1) hard recoil from hadronic activity in W/Z event, 2) 

underlying event/spectator interaction energy

• Tune using Z and minimum-bias data

• Validate using measured recoil in W events
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DØnote 4725-CONF

Measurement of the Top Quark Mass in the Dilepton Channel

The DØ Collaboration
URL http://www-d0.fnal.gov
(Dated: February 25, 2005)

We present a preliminary measurement of the top quark mass in the dilepton channel based on
about 230 pb−1 of data collected by the DØ experiment during Run II of the Fermilab Tevatron
collider. We show that the method used obtains consistent results using ensemble tests of events
generated with the DØ Monte Carlo simulation. We apply this technique to a total of 13 dilepton
events selected in the collider data to obtain mt = 155+14

−13(stat) ± 7(syst) GeV.

Preliminary Results for Winter 2005 Conferences

Tuning with Z→ll Validating with W→lv

for u ≪ pTl : 
mT ≈ 2pTl + u||

pTv ≈ 2pTl + 2u||

mis-modeled u|| directly 
biases measured MW(~pZT + ~uT ) · ⌘̂

σ0 and αMB) of ηimb for data and fast MC distributions.
The fits using the mean and the RMS are performed
independently.

2. Fit results

The results from the minimization of the mean ηimb as a
function of pee

T for collider data are

r0 ¼ 1.047" 0.008;

r1 ¼ 2.07" 0.39;

τHAD ¼ 2.51" 0.32 GeV;

and the results from the minimization of the RMS are

σ0 ¼ 1.238" 0.040; αMB ¼ 0.633" 0.064:

The corresponding two correlation matrices are

r0 r1 τHAD
r0
r1

τHAD

0

B@
1 0.30 −0.49

0.30 1 −0.90
−0.49 −0.90 1

1

CA
;

and

σ0 αMB
σ0
αMB

!
1 −0.68

−0.68 1

"
:

Figure 36 shows the comparison of the mean and the width
of the ηimb momentum imbalance distributions between
data and fast MC for the ten different pee

T bins. The quantity
χ is defined as the ratio of the difference between data and
fast MC divided by the uncertainty in the data for each bin.
The data ηimb width at low pee

T is systematically smaller
than in the fast MC, indicating some inaccuracy in our
description of the recoil resolution at low pZ

T. The low pZ
T

region is difficult to model because the recoil momentum is
dominated by instrumental effects and its impact can be
seen on the W and Z recoil momentum distributions in the
Appendix. The difference observed between data and
expectation is, however, covered by the recoil system
systematic uncertainties.

3. Recoil modeling systematic uncertainties

The size of the Z → ee sample determines the statistical
precision of the five smearing parameters. We use pseu-
doexperiments, as described in Sec. IIE, to propagate their
uncertainties to the measured MW and determine the recoil
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W mass: results

• Fits performed to mT, pTl, pTv

• Combine all three in both e and µ channels (CDF) and pTl, mT in e channel 

(DØ), taking into account correlations 
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DØnote 4725-CONF

Measurement of the Top Quark Mass in the Dilepton Channel

The DØ Collaboration
URL http://www-d0.fnal.gov
(Dated: February 25, 2005)

We present a preliminary measurement of the top quark mass in the dilepton channel based on
about 230 pb−1 of data collected by the DØ experiment during Run II of the Fermilab Tevatron
collider. We show that the method used obtains consistent results using ensemble tests of events
generated with the DØ Monte Carlo simulation. We apply this technique to a total of 13 dilepton
events selected in the collider data to obtain mt = 155+14

−13(stat) ± 7(syst) GeV.
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W mass: uncertainties

Source CDF CDF DØ 
Lepton energy scale 7 10 17
Lepton energy resolution 1 4 2
Recoil model 9 9 5
Lepton efficiency - - 1
Backgrounds 3 4 2
pT 3 3 2
PDFs 10 10 11
QED radiation 4 4 7
Total systematics 16 18 22
W statistics 16 19 13
Total 23 26 26

Uncertainties on transverse mass fits for MW [MeV]

Modeling uncertainties (PDFs) beginning to dominate

c.f. Lepton scale uncertainty for CDF with 200 pb-1 was 30 MeV

DØnote 4725-CONF

Measurement of the Top Quark Mass in the Dilepton Channel

The DØ Collaboration
URL http://www-d0.fnal.gov
(Dated: February 25, 2005)

We present a preliminary measurement of the top quark mass in the dilepton channel based on
about 230 pb−1 of data collected by the DØ experiment during Run II of the Fermilab Tevatron
collider. We show that the method used obtains consistent results using ensemble tests of events
generated with the DØ Monte Carlo simulation. We apply this technique to a total of 13 dilepton
events selected in the collider data to obtain mt = 155+14

−13(stat) ± 7(syst) GeV.
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W mass: combination

nb: 2009 world average

MW = 80399±23 MeV

previous measurements by the Tevatron experiments,
improve the uncertainty on the combined Tevatron MW

value to 16 MeV. The combination of this measurement
with the LEP average for MW further reduces the uncer-
tainty to 15 MeV. The substantial improvement in the
experimental precision on MW leads to tightened indirect
constraints on the mass of the SM Higgs boson. The direct
measurements of the mass of the Higgs boson at the LHC
[1] agree, at the level of 1.3 standard deviations, with these
tightened indirect constraints [37]. This remarkable suc-
cess of the standard model is also shown in Fig. 2, which
includes the new world average W-boson mass, the
Tevatron average top-quark mass measurement [5], and
shows consistency among these with the calculation of
MW [6], assuming Higgs-boson mass determinations
from the ATLAS and CMS experiments [1].
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MW = 80385 ± 15 MeV

• Analysis being performed with full Tevatron 
dataset

• CDF ~ 10 MeV, DØ ~15 MeV total 

uncertainty projected

• LHC with further PDF constraints— < 10 

MeV?
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W boson charge asymmetry
• W+(W-) boosted in direction of 

(anti)proton

• Difference in u, d PDFs results in W 

charge asymmetry at Tevatron

!
!
• No V-A dilution


• DØ measurement uses full dataset in 
electron channel

• Use neutrino weighting method [PRD 

77, 111301 (2008)]

• Critical data for improving PDF precision
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Measurement of the Top Quark Mass in the Dilepton Channel

The DØ Collaboration
URL http://www-d0.fnal.gov
(Dated: February 25, 2005)

We present a preliminary measurement of the top quark mass in the dilepton channel based on
about 230 pb−1 of data collected by the DØ experiment during Run II of the Fermilab Tevatron
collider. We show that the method used obtains consistent results using ensemble tests of events
generated with the DØ Monte Carlo simulation. We apply this technique to a total of 13 dilepton
events selected in the collider data to obtain mt = 155+14

−13(stat) ± 7(syst) GeV.
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We present a measurement of the W boson production charge asymmetry in pp̄ → W þ X → eνþ X
events at a center of mass energy of 1.96 TeV, using 9.7 fb−1 of integrated luminosity collected with the D0
detector at the Fermilab Tevatron Collider. The neutrino longitudinal momentum is determined by using a
neutrino weighting method, and the asymmetry is measured as a function of the W boson rapidity. The
measurement extends over wider electron pseudorapidity region than previous results and is the most
precise to date, allowing for precise determination of proton parton distribution functions in global fits.

DOI: 10.1103/PhysRevLett.112.151803 PACS numbers: 13.38.Be, 13.85.Qk, 14.60.Cd, 14.70.Fm

At the Fermilab Tevatron Collider, production of W"

bosons is dominated by the annihilation of valence quarks
in the proton (u, d) and antiproton (d̄, ū). The primary
modes of production are uþ d̄ → Wþ and ūþ d → W−. In
the proton and antiproton, the u (ū) quark generally carries
more momentum than the d̄ (d) quark; thus,Wþ bosons are
boosted in the proton direction and W− bosons in the
antiproton direction [1–3]. The difference between u and d
quark parton distribution functions (PDFs) results in a
charge asymmetry in theW boson rapidity (yW), defined as

AðyWÞ ¼
dσWþ=dyW − dσW−=dyW
dσWþ=dyW þ dσW−=dyW

: (1)

Here, dσW"=dyW is the differential cross section for
W" boson production, and yW is the W" boson rapidity,
defined as

yW ¼ 1

2
ln
Eþ pz

E − pz
; (2)

where E and pz are the energy and the longitudinal
momentum, respectively, of the W boson, with the z axis
along the proton beam direction.
Previously published results include both lepton (from

theW boson decay) andW boson charge asymmetries. The
lepton charge asymmetry arises from the convolution of
the W boson asymmetry and the V − A structure of the W
boson decay. This implies that leptons at a specific rapidity
originate from a wide range of W rapidities, and therefore
from a wide range of parton x values (where x is the fraction
of momentum of the proton carried by the parton), diluting
the impact of these asymmetries when determining PDFs.

The lepton charge asymmetry in W boson decays has been
measured by the CDF [4–6] and D0 [7,8] Collaborations.
The latest lepton charge asymmetry measurement from the
D0 Collaboration was performed in the W → μν muon
channel by using data corresponding to 7.3 fb−1 of inte-
grated luminosity [9]. The lepton charge asymmetry has
also been measured at the Large Hadron Collider (LHC) in
pp collisions by the ATLAS [10] and CMS [11]
Collaborations by using integrated luminosities of 0.03
and 0.84 fb−1, respectively. A direct measurement of theW
boson charge asymmetry was performed by using 1 fb−1 of
integrated luminosity by the CDF [12] Collaboration.
The analysis presented in this Letter uses the W → eν

decay mode and employs the neutrino weighting method
[13]. In addition, this W boson charge asymmetry analysis
uses 10 times more integrated luminosity and covers much
larger rapidity range than the previous CDF result [12]. We
use data corresponding to 9.7 fb−1 of integrated luminosity
[14] collected with the D0 detector [15,16] between April
2002 and September 2011. By extending the pseudora-
pidity coverage, we can provide information about the
PDFs for a broader range of x (0.002 < x < 0.99 for
electron pseudorapidity jηej < 3.2 [17]) at Q2 ≈M2

W ,
where Q2 is the squared momentum scale for the parton
interactions and MW is the W boson mass. The W boson
charge asymmetry result places stringent constraints on the
PDFs of valence quarks, which in turn will significantly
reduce the uncertainty on the measurements of MW and on
other measurements at the Tevatron and LHC.
The D0 detector [15,16] comprises a central tracking

system, a calorimeter, and a muon system. The central
tracking system consists of a silicon microstrip tracker and

PRL 112, 151803 (2014) P HY S I CA L R EV I EW LE T T ER S
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Muon charge asymmetry

• Greater W+ production rate than W- rate 
at pp colliders

• Difference can help constrain PDFs


• Use 7 TeV dataset

• Similar event selection as inclusive W 

cross-section measurement

• Measure asymmetry in bins of |η|

• Measure with two different pT cuts: 25 

and 35 GeV

• Compare with predictions using various 

PDFs 
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q,g q,g

l+

l-

θ*

backward

forward

gfV = I3 � 2Qf sin
2 ✓W

Measuring sin2θW

19

• In the SM:

!
!

• Measurement of sin2θW indirectly measures 
MW


• Obtain from angular distribution of leptons 
in Drell-Yan (Z/γ*→l+l-) events

!
!
• Forward-backward asymmetry

!
!

• Measure AFB→sin2θeff lep (effective Z/lepton 
coupling)→sin2θW→MW

dN

d✓
⇡ 1 + cos

2 ✓ +A4 cos ✓

sin �2
W = 1� m2

W

m2
Z

AFB =
�F � �B

�F + �B
=

3

8
A4

from LEP
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Measuring sin2θW
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!
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!
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ATLAS AFB measurement

• ee and µµ measurement using 4.8/fb of 7 TeV 
data

• Electron channel split into CC and CF


• CF includes one electron |η| < 4.9

• Unfold raw AFB to obtain sin2θeff 

• Extract each channel (Muon, CC, CF) separately

• Final result is combined across all three 

channels

20

CC electrons CF electrons Muons Combined
Uncertainty source (10�4) (10�4) (10�4) (10�4)
PDF 9 5 9 7
MC statistics 9 5 9 4
Electron energy scale 4 6 – 4
Electron energy smearing 4 5 – 3
Muon energy scale – – 5 2
Higher-order corrections 3 1 3 2
Other sources 1 1 2 2

Table 2: Main contributions to the systematic uncertainties on the sin2 ✓ e↵
W values extracted from the three

analysis channels and on the combined result. Null entries (denoted by “–”) correspond to an uncertainty
that does not apply to a specific channel. Higher-order corrections include NLO QCD and NLO EWK
contributions.

sin2 ✓ e↵
W �/� �/�

(wrt LEP+SLC) (wrt ATLAS)
ATLAS, CC electrons 0.2288 ± 0.0017 -1.6 –
ATLAS, CF electrons 0.2304 ± 0.0012 -1.0 –
ATLAS, muons 0.2294 ± 0.0016 -1.3 –
ATLAS, combined 0.2297 ± 0.0010 -1.8 –
CMS [5] 0.2287 ± 0.0032 -0.9 -0.3
D0 [4] 0.2309 ± 0.0010 -0.6 0.8
CDF [3] 0.2329 ± 0.0012 1.1 2.0
LEP, A0,b

FB [2] 0.23221 ± 0.00029 – 2.3
SLD, Al [2] 0.23098 ± 0.00026 – 1.2
LEP+SLC [2] 0.23153 ± 0.00016 – 1.8
PDG global fit [31] 0.23146 ± 0.00012 -0.4 1.8

Table 3: Comparison of the results of this analysis with other published results for sin2 ✓ e↵
W . The compar-

ison includes the two most accurate measurements from LEP and SLC, and the results from the leptonic
sin2 ✓ e↵

W measurements from the hadron collider experiments CMS, D0, and CDF. Also shown are the
values of sin2 ✓ e↵

W for the LEP+SLC global combination (which includes all sin2 ✓ e↵
W measurements per-

formed at the two colliders) and from the PDG global fit.

16

sinθeff = 0.2297±0.0010

ATLAS-CONF-2013-043
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CDF AFB (µµ) measurement

• Measured using muon pairs (central)

• 10 different topologies depending on 

muon subdetector

• Use event-weighting method to 

contend with 10 different εA [EPJ C 
72, 2194 (2012)]


• Extract mixing angle from raw AFB

21

scales, and from the CT10 PDFs is !0.00036. All
component uncertainties are combined in quadrature.
With the inclusion of the EBA uncertainty, the total
prediction uncertainty is !0.00038.

X. RESULTS

The values for sin2 θlepteff and sin2 θW (MW) extracted from
the measurement of Afb using μþμ− pairs from a sample
corresponding to 9.2 fb−1 are

sin2θlepteff ¼ 0.2315! 0.0009! 0.0004

sin2θW ¼ 0.2233! 0.0008! 0.0004

MWðindirectÞ ¼ 80.365! 0.043! 0.019 GeV=c2;

where the first contribution to the uncertainties is statistical
and the second is systematic.All systematic uncertainties are
combined in quadrature, and the sources and values of these
uncertainties are summarized in Table IV. The inferred result
on sin2 θW or MW is dependent on the standard model
context specified in the Appendix. The sin2 θlepteff result is
independent because of its direct relationship with Afb.
The measurement of sin2 θlepteff is compared with previous

measurements from the Tevatron, LHC, LEP-1, and SLD in
Fig. 17. The Tevatron measurements are the D0 Afb
measurement based on 5 fb−1 of integrated luminosity
[4] and the CDF measurement derived from the A4

angular-distribution coefficient of ee-pairs from a sample
corresponding to 2.1 fb−1 of collisions [5]. The LHC
measurement is the CMS analysis of Drell-Yan muon pairs
from a sample corresponding to 1.1 fb−1 of integrated
luminosity [6]. The LEP-1 and SLD measurements are
from measurements at the Z pole. The Z-pole value is the
combination of these six measurements:

A0;l
FB → 0.23099! 0.00053;

AlðPτÞ → 0.23159! 0.00041;

AlðSLDÞ → 0.23098! 0.00026;

A0;b
FB → 0.23221! 0.00029;

A0;c
FB → 0.23220! 0.00081;

Qhad
FB → 0.2324! 0.0012;

and the light-quark value is a combination of asymmetries
from the u, d, and s quarks [7]. The Qhad

FB measurement is
based on the hadronic charge asymmetry of all hadronic
events.
TheW-boson mass inference is compared in Fig. 18 with

previous direct and indirect measurements from the

TABLE IV. Summary of the systematic uncertainties on the
extraction of the weak-mixing parameters sin2 θlepteff and sin2 θW .

Source sin2 θlepteff sin2 θW

Momentum scale !0.00005 !0.00005
Backgrounds !0.00010 !0.00010
QCD scales !0.00003 !0.00003
CT10 PDFs !0.00037 !0.00036
EBA !0.00012 !0.00012

lept
effθ2sin

0.226 0.228 0.23 0.232 0.234

-1 9 fbµµCDF
0.0010±0.2315

-1 2 fbeeCDF
0.0010±0.2328

-1 1 fbµµCMS

0.0032±0.2287

-1 5 fbeeD0
0.0010±0.2309

LEP-1 and SLD: light quarks

0.0021±0.2320

LEP-1 and SLD: Z pole
0.00016±0.23153

FIG. 17 (color online). Comparison of experimental measure-
ments of sin2 θlepteff . “Z pole” represents the LEP-1 and SLD
standard model analysis of Z-pole measurements and “light
quarks” represents the LEP-1 and SLD results from the light-
quark asymmetries; “D0 ee 5 fb−1” represents the D0 AfbðMÞ
analysis; “CMS μμ 1 fb−1” represents the CMS analysis; “CDF
ee 2 fb−1” represents the A4 analysis; and “CDF μμ 9 fb−1”
represents this analysis. The horizontal bars represent total
uncertainties.

)2W-boson mass (GeV/c
80 80.1 80.2 80.3 80.4 80.5 80.6

-1 9 fbµµCDF 0.047±80.365

-1 2 fbeeCDF 0.048±80.297

NuTeV
0.085±80.135

)tLEP-1 and SLD (m 0.020±80.365

TeV and LEP-2 0.015±80.385

FIG. 18 (color online). Comparison of experimental determi-
nations of the W-boson mass. “TeVand LEP-2” represents direct
measurements of the W-boson mass; “LEP-1 and SLD (mt)”
represents the standard model analysis of Z-pole measurements;
“NuTeV” represents the indirect measurement derived from
neutrino scattering at Fermilab; “CDF ee 2 fb−1” represents
the A4 analysis; and “CDF μμ 9 fb−1” represents this analysis.
The horizontal bars represent total uncertainties.

T. AALTONEN et al. PHYSICAL REVIEW D 89, 072005 (2014)
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sin2θW = 0.2233±0.0010!
sin2θeff = 0.2315±0.0010
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DØ AFB (ee) measurement

• Extend η coverage of selection, include EC-
EC (endcap) events

• ~85% more statistics than scaling 5/fb to 

9.7/fb

• Implement new energy scale calibration


• Calibrate E as a function of Linst

• Then calibrate as function of ηdet


• Extract mixing angle from raw AFB
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DØnote 4725-CONF

Measurement of the Top Quark Mass in the Dilepton Channel

The DØ Collaboration
URL http://www-d0.fnal.gov
(Dated: February 25, 2005)

We present a preliminary measurement of the top quark mass in the dilepton channel based on
about 230 pb−1 of data collected by the DØ experiment during Run II of the Fermilab Tevatron
collider. We show that the method used obtains consistent results using ensemble tests of events
generated with the DØ Monte Carlo simulation. We apply this technique to a total of 13 dilepton
events selected in the collider data to obtain mt = 155+14

−13(stat) ± 7(syst) GeV.

Preliminary Results for Winter 2005 Conferences
sin2 θW 0.23098
statistical unc. 0.00042
Energy scale 0.00012
Energy smear 0.000018
Background 0.000008
Charge misID 0.000030
Electron ID 0.000066

Total systematic unc. 0.00014
total unc. 0.00044

Table 2: Measured sin2 θW value and corresponding uncertainties but not including that due to PDF uncertainties.
All uncertainties are symmetric. Higher-order theoretical corrections are not included.

different Born-level sin2 θW predictions. The best χ2-fitting results of different event categories, and the statistical
uncertainties of the measured sin2 θW , are listed in Table 1.

The systematic uncertainties come from the energy modeling, electron identification, charge misidentification
and background estimation. The systematic uncertainties are small compared to the statistical uncertainty. The
uncertainties from electron identification and charge misidentification are estimated using the statistical uncer-
tainties of the measured efficiencies and charge misidentification probability. The uncertainties of energy modeling
are discussed before. The uncertainty from background estimation is dominated by the QCD normalization factor.
The statistical uncertainty of the fitted factor is used in the final estimation. The uncertainties of sin2 θW are
still dominated by data statistics.

Due to the fact that all the systematic and statistical uncertainties in different categories are uncorrelated, the
results can be combined by using the corresponding uncertainties as weights, giving 0.23098 ± 0.00042 (stat.) ±
0.00012 (syst.)±0.00029 (PDF). The combined systematic uncertainties are listed in Tab. 2. The PDF uncertainty
is estimated by using 40 CTEQ6.1M error sets which correspond to a 90% C.L. This is scaled to a 68% (one
standard deviation) C.L. by applying a factor of 1/1.645.

In order to have a consistent SM definition and provide a result comparable with previous measurements, the
Pythia interpretation of the weak mixing angle has been compared to Resbos predictions, which is modified as in
the zfitter [17] definition to include higher order electroweak corrections into the enhanced Born approximation
(EBA). A constant 0.00008 positive shift in the full EBA prediction from Resbos relative to the LO prediction
from Pythia is found, and the leptonic effective weak mixing angle measured using the D0 9.7 fb−1 Z/γ∗ → e+e−

data is sin2 θℓeff = 0.23106 ± 0.00053. The comparison between our measurement and other experimental results
is shown in Fig. 2. The measurements are from the LEP b-quark forward-backward asymmetry, A0,b

FB , the SLD
left-right asymmetry, Alr(SLD), the LEP τ -lepton polarisation measurement, Al(Pτ ), the SLD lepton asymmetry,
A0,ℓ

FB , the CDF forward-backward asymmetry, Aee
FB and Aµµ

FB [1].

CONCLUSION

In conclusion, we have measured the effective weak mixing angle sin2 θℓeff from the forward-backward charge
asymmetry AFB distribution in the process pp̄ → Z/γ∗ → e+e− at the Tevatron. The data statistics are
significantly enlarged by including electrons reconstructed in central calorimeter phi-mod module boundaries,
electrons reconstructed in the high ηdet region and EC-EC events. The primary systematic uncertainty is reduced
by introducing a new electron energy calibration method, which unifies the position of the Z boson mass peak
with a deviation smaller than 100 MeV in the data and 10 MeV in the MC. The final result from 9.7 fb−1 of
D0 RunII data, sin2 θℓeff = 0.23106± 0.00053, is the most precise measurement from light quark interactions, and
comparable to the world’s best measurements performed by the LEP and SLD Collaborations. The measured
value of sin2 θℓeff is consistent with the average of LEP and SLD.

6

sin2θW = 0.23098±0.00044!
sin2θeff = 0.23106±0.00053

DØ note 6426-conf
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sin2θW summary
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*preliminary
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Summary
• SM holds up well against precision tests


• Tevatron measurements still yet to come

• W mass measurements with full dataset to better than 10 MeV precision 

(theoretical prediction including mH to 11 MeV now)

• Many precision measurements to come from LHC experiments

• W/Z production physics will be verified again at Run 2 energy

!

• Many results which could not be shown

• ATLAS: https://twiki.cern.ch/twiki/bin/view/AtlasPublic/

StandardModelPublicResults

• CMS: https://twiki.cern.ch/twiki/bin/view/CMSPublic/

PhysicsResultsSMP

• CDF: http://www-cdf.fnal.gov/physics/ewk/

• DØ: http://www-d0.fnal.gov/Run2Physics/WWW/results/ew.htm 

• Parallel talks by H. Yin (CDF+DØ), D. Tsionou (ATLAS), H. Yoo (CMS)
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https://twiki.cern.ch/twiki/bin/view/AtlasPublic/StandardModelPublicResults
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSMP
http://www-cdf.fnal.gov/physics/ewk/
http://www-d0.fnal.gov/Run2Physics/WWW/results/ew.htm
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W Mass: future?

26

 (GeV)topm

 (G
eV

)
W

M

 = 125 GeV

Hm

155 160 165 170 175 180 185 190 195

80.3

80.35

80.4

80.45

80.5

top, m
W

68% CL (by area) M

 = 0.5 GeVtm6 = 10 MeV, WM6

4 2 The LEP3 Physics case

Patrick Janot 

LEP3'Motivation'(2)'
!  A'350'GeV'e+e�'(linear)'collider'can'measure'mtop'to'50^100'MeV/c2'

◆  An'interesting'measurement,'but'…'
●  Does'not'challenge'the'standard'model'here.'

18 June 2012 
EuCARD LEP3 Meeting 

14 

Z pole 

mW 

What'is'top'“mass”'anyway'?'
•  Top'quark'is'not'a'colour'singlet'
•  What'about'colour'reconnection'?''Patrick Janot 

!  Improve'the'W'mass'and'the'Z'pole'measurements'by'factors'10'and'20:'

◆  Can'be'done'at'a'high'luminosity'e+e-'collider'with'√s'='mZ'and'√s'='2mW'

●  With'at'least'100'times'the'LEP1'/'LEP2'luminosity'(i.e.,'>'100'p^1'/'experiment)'

LEP3'Motivation'(3)'

18 June 2012 
EuCARD LEP3 Meeting 

15 

mW 

Z pole 

New Physics 

Figure 3: The effect of improving the precision of the top mass measurement by a factor 10 (left), or the
precision of the Z pole and the W mass measurements by factors of 25 and 10, respectively (right), in the
(mW, mtop) plane.

The LEP3 programme would therefore consists in three different phases (in whichever order)
for an overall duration of 5 to 10 years: (i) precise Z pole measurements at

p
s ' mZ, for one

year; (ii) a precise W mass measurement at the WW production threshold,
p

s ' 2mW, for one
year; and (iii) a precise Higgs mechanism characterization at

p
s = 240 GeV, for five years. The

characteristics of the LEP3 proposal for each of these three phases are quickly examined in turn
in Sections 2.2 to 2.4.

2.2 LEP3 as a Higgs factory:
p

s = 240 GeV

2.2.1 Centre-of-Mass Energy

The centre-of-mass energy of a Higgs factory can be chosen to maximize the Higgs boson pro-
duction cross section. This cross section, determined with the HZHA generator [11] used by
the four LEP collaborations during the LEP2 phase, is displayed in Fig. 4 as a function of the
centre-of-mass energy for mH = 125 GeV/c2. The maximum cross section of ⇠ 212 fb, arguably

Figure 4: The Higgs boson production cross section as a function of the centre-of-mass energy. The red
curve corresponds to the Higgsstrahlung process only, e+e� ! HZ, and the blue curve includes the
WW and ZZ fusion processes as well, together with their interference with the Higgsstrahlung process.
The right graph is a zoom of the left graph around the maximum of the cross section.

optimal for precision Higgs boson studies, is obtained for
p

s ⇠ 260 GeV, and it stays above
200 fb from 240 to 285 GeV. Going from 240 to 260 GeV corresponds to a cross-section increase

From CMS Note 2012/003

P. Azzi et al.  
“Prospective Studies for LEP3

with the CMS Detector”

Future Tevatron mW and

Tevatron+LHC mt

or... back to e+e- ?
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DØ muon charge asymmetry

• Data reweighted to remove discrepancy 
between solenoid polarities
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DØnote 4725-CONF

Measurement of the Top Quark Mass in the Dilepton Channel

The DØ Collaboration
URL http://www-d0.fnal.gov
(Dated: February 25, 2005)

We present a preliminary measurement of the top quark mass in the dilepton channel based on
about 230 pb−1 of data collected by the DØ experiment during Run II of the Fermilab Tevatron
collider. We show that the method used obtains consistent results using ensemble tests of events
generated with the DØ Monte Carlo simulation. We apply this technique to a total of 13 dilepton
events selected in the collider data to obtain mt = 155+14

−13(stat) ± 7(syst) GeV.

Preliminary Results for Winter 2005 Conferences


